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ABSTRACT The acetylcholine receptor (AChR) is a cation selective channel whose biophysical properties as well as its molecular
composition are fairly well characterized. Previous studies on the rat muscle a-subunit indicate that a threonine residue located
near the cytoplasmic side of the M2 segment is a determinant of ion flow. We have studied the role of this threonine in ionic
selectivity by measuring conductance sequences for monovalent alkali cations and bionic reversal potentials of the wild type (al3'Y()
channel) and two mutant channels in which this threonine was replaced by either valine (aT264V) or glycine (aT264G). For the wild
type channel we found the selectivity sequence Rb > Cs > K > Na. The aT264V mutant channel had the sequence Rb > K >
Cs > Na. The aT264G mutant channel on the other hand had the same selectivity sequence as the wild type, but larger
permeability ratios PJPNa for the larger cations. Conductance concentration curves indicate that the effect of both mutations is to
change both the maximum conductance as well as the apparent binding constant of the ions to the channel. A difference in Mg2+
sensitivity between wild-type and mutant channels, which is a consequence of the differences in ion binding, was also found. The
present results suggest that aT264 form part of the selectivity filter of the AChR channel were large ions are selected according to
their dehydrated size.
INTRODUCTION
In spite of the progress provided by the application of
recombinant DNA techniques, which allow one to mod-
ify the structure of proteins, their use to study ions
channels has been restricted almost exclusively to char-
acterize amino acid residues involved in a particular
function. A relationship between such a function and
the nature of the amino acids involved has seldom been
studied and only in few cases a mechanistic interpreta-
tion of the mutated channel properties has been at-
tempted (Konno et aI., 1991; Yool and Schwarz, 1991).
The acetylcholine receptor channel (AChR) is a
protein in which amino acid residues involved in either
ion conduction (Mishina et aI., 1985; Imoto et aI., 1986,
1988) or gating properties (Mishina et aI., 1985) have
been characterized in great detail making this channel a
convenient molecule to study structure function relation-
ships. Conduction properties of the native AChR have
been characterized in several preparations. The recep-
tor channel is permeable to monovalent as well as
divalent cations (Adams et aI., 1980). In most prepara-
tions, permeability for monovalent cations follows the
water mobility (Hille, 1984; Quartararo et aI., 1987;
Konno et aI., 1991) as for the divalent cations the
opposite has been found. The conductance sequence
measured by single-channel recording is different from
the permeability sequence (Quartararo et aI., 1987,
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Konno et aI., 1991). Small organic cations are able to
pass through the channel. (Dwyer et aI., 1980). The
factor which determines permeability was found to be
the size of the organic ion and not its particular chemical
nature. From this measurements the narrowest section
of the pore was postulated to have an area of 6.5 x 6.5 A
(Dwyer et aI., 1980). As for its length, streaming poten-
tial measurements suggest that it is as short as 3-6 A
(Dani, 1989). The molecular nature of this narrow
regions as well as the mechanism of ion selection is still
unknown.
Labeling studies with noncompetitive inhibitors (NCI)
which block ion flux primarily by promoting desensitiza-
tion have yielded inconsistent results with respect to the
involvement of different domains in forming the channel
walls (see Karlin, 1991). This is most likely due to the
fact that NCI's are a heterogeneous class of compounds
and that the mode of action of NCI's used for labeling is
rather unclear. The presumed "open channel block" of
the various NCI's used for labeling studies has not been
demonstrated yet unequivocally.
From the study of mutant channels, a more consistent
picture has been found suggesting that a domain, present
in all four subunits of the AChR channel, designated the
M2 segment (Noda et aI., 1983) and the adjacent
"bends," are involved in ion conduction and perhaps in
the formation of the channel pore (Imoto et aI., 1986,
1988; Leonard et aI., 1988). There are two motifs which
have been shown to be critical for ion conduction and
196 0006-3495/92/04/196/13 $2.00 Biophys. J. <0 Biophysical Society
Volume 62 Discussions 1992 196-208
open-channel block (see Dani, 1990, for review). These
are negatively charged amino acids, which may form a
ringlike structure at the channel's entries (Imoto et aI.,
1988), and amino acid residues that contain hydroxyl
groups in their side chain, thought to be lying in the wall
of the channel pore, (Leonard et aI., 1988; Charnet et
aI., 1990; Villarroel et aI., 1991). Some of these domains
should contribute, at least partly, to the selectivity filter
of the channel.
Studies on the fetal form of the AChR channel (a~'Y8)
from rat skeletal muscle suggest that a threonine residue
located near the cytoplasmic end of the transmembrane
segment M2 (aT264) is involved in controlling the ion
flow through the pore (Villarroel et aI., 1991). Here we
report the biophysical properties of two mutant chan-
nels (aT264V and aT264G) constructed to elucidate the
role of aT264 in determining conductance and selectiv-
ity of the rat muscle AChR channel.
MATERIALS AND METHODS
Mutant channels
The wild type of the fetal form of rat AChR a~'Yl) (Witzemann et aI.,
1990) and two mutant channels in the a-subunit were studied. The
mutant channel in which the threonine at position 264 of the a-subunit
has been substituted by valine is referred as aT264V. The one that
carries a glycine at that position is referred as aT264G. The construc-
tion of aT264V and aT264G mutant channel has been described in
Herlitze and Koenen (1990), and in Villarroel et al. (1991).
diameter 2 mm, outer diameter 5 mm) were pulled in two stages using
a L/M-3P-A puller (List Electronics, Darmstadt), covered with Syl-
gard, and fire polished immediately before use. Pipettes had a tip
resistance of 5 Mil when filled with 100 mM KCI solution. The solution
used was made of the permeant cation (NaC!, KCI, RbC!, esCI or
NH.C!) in different concentrations, 10 mM Hepes, and 10 mM EGTA
adjusted to pH 7.2 with the corresponding hydroxide form of the
permeant cation. In solutions of low Cs+ concentrations both Hepes
and EGTA was lowered to 2 mM. The activity of K+ containing
solution was measured with a K+ electrode (Radiometer, Copen-
hagen). Reversal potentials were measured using Na+ as a reference
cation in the bath and the test cation in the pipette. After an inside-out
patch was formed, single-channel currents were measured at different
potentials around the reversal potential. Immediately after that, the
patch was broken by applying positive pressure and the potential of the
pipette, nominally zero, was measured. Because the application of
negative pressure during seal formation may contaminate the pipette
tip solution, only measurements on patches isolated without negative
pressure were accepted. Current amplitudes were pooled in 2 mV bins
and a current voltage I-V curve was constructed. Then, a 5th order
polynomial was fitted to the experimental points and used to interpo-
late the zero current potential. The measured pipette potential was
substracted from this potential. The zero current potential was
corrected by the liquid junction potential between the two solutions,
calculated using the ion mobilities (Hille, 1984; Quartararo et aI.,
1987), to obtain the reversal potential. The temperature was 18°C.
Fit procedures
To fit the data to the model the nonlinear minimization algorithm
AJUSTE was used (Alvarez et aI., 1991). For a given model the
program finds the parameters that minimizes the sum of the square of
the difference between experimental and model values. The output of
the program is the set of parameter that produces the best fit together
with the standard deviation of the measurement.
The presence of fixed charges in the vestibules of the
channel perturbs the local ion concentration. There are
several ways to account for this. A simple one is the
Gouy-Chapman theory (McLaughlin et aI., 1971) in
which a surface charge of density u produces a surface
potential <1>. related to the ion species j of valence Zj at
concentration (C)j as:
THEORY
Saturation and surface charge
In a simple one-site one-ion channel the conductance
follows a Michaelis-Menten relationship with apparent
dissociation constant K. and maximum conductance G.
(Hille, 1984). If the ion concentration in the neighbor-
hood of the channel mouth is (Cs) then the conductance
is given by:
Oocyte injection
Xenopus oocytes were injected with RNA encoding for the four
subunits (a~'Yl» of the fetal form of the AChR channel (Witzemann et
aI., 1991) with the wild type or mutated a-subunit. Oocytes were
incubated in OR-2 medium (82.5 mM NaC!, 2.0 mM KCI, 1.0 mM
MgCI2, and 5 mM Hepes, pH 7.5) with Penicillin, Streptomycin and
Cefuroxim (Hoechst AG, Frankfurt) added at 100 units/ml at 19°C.
One day after injection the oocytes were incubated in 1 mg/ml
collagenase (type I; Sigma Chemical Co., St. Louis, MO) for 30 min at
room temperature. After collagenase treatment the follicle cell layer
was removed mechanically with forceps (Methfessel et aI., 1986).
Three days after injection oocytes were tested for the presence of ACh
receptors.
The responses to 1 ....M acetylcholine were tested using conventional
two electrode voltage clamp (Methfessel et aI., 1986) in normal frog
Ringer's solution (115 mM NaC!, 2.5 mM KCI, 1.8 mM CaC!2' 10 mM
Hepes, pH 7.2, 240 mOsm). Electrodes filled with 3 M KCl and a
resistance of 1 Mil and 0.1-0.2 Mil were used to set the voltage and
measure current, respectively. Most of the oocytes responded to
acetylcholine applications with a current of 8--10 !LA at a holding
potential of -70 mY.
G[(Cs)] = G.(Cs)/[K. + (Cs»). (1)
Patch clamp
Inside-out patches isolated from the oocyte membrane were obtained
using standard patch-clamp methods (Hamill et aI., 1981; Methfessel
et aI., 1986). Borosilicate glass pipettes (Hilgenberg, Malsfeld, inner
(2)
where E, Eo, k and T are the permittivity of the free space,
the dielectric constant of the solution, the Boltzmann
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constant and the absolute temperature. The local ion
concentration is given by (CS)L = (Cs) exp (-Zj 4>.). This
expression was inserted in Eq. 1 and was used to fit the
conductance concentration curves. The surface charge
density was expressed as one elementary charge e
distributed in a circular area of radius R (<1 = ehrR 2).
For conductance measured at negative potentials this
corresponds to surface charge of the external vestibule.
This model is the simplest one that contains the two
features, saturation of current at high concentration and
the effect of charged vestibules. Though more complex
models are available (Dani, 1989; Konno et aI., 1991),
we chose the simplest one because of the smaller num-
ber of free parameters.
permeability is also the product of binding and mobility
ofthe ion (Eisenman and Horn, 1983).
Permeability ratios
In a bionic situation where Na+ is present in the bath
and a monovalent ion X is present in the pipette, both at
the same concentration, a zero current potential Vrev is
measured. This potential defines the permeability ratio
PJPy (Hille, 1984) by:
V,ov = (RT/F)Ln(PX/PN.), (4)
where R, T, and F are the gas constant, Faraday's
constant and absolute temperature, respectively.
This relation can also be obtained from first principles,
or from diffusion theories (see Hille, 1984). In that case
Permeability
Permeability is defined as the ratio between ion flux and
concentration. If the ion flux is expressed as conduc-
tance at a given voltage, at low concentration where
conductance is proportional to concentration (Eq. 1) the
permeability is given by:
P= GJK,. (3)
RESULTS
The AChR a-subunit has been postulated to have four
transmembrane segments (Fig. 1A) (Noda et aI., 1983).
From these the M2 segment is believed to be important
for ion conduction. The M2 segment of a-subunit in the
rat fetal AChR receptor has a high degree of homology
with the M2 segment of other subunits (Witzemann et
aI., 1991), as indicated by boxes in Fig. 1B. Mutational
analysis in Torpedo AChR identified clusters of charged
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FIGURE I The M2 segment of the a-subunit ACh receptor channel. (A) shows the transmembrane folding of the a-subunit protein. The putative
transmembrane segments are indicated as M1-M4. (B) shows the amino acid sequence of the M2 segment of four subunits in single-letter code.
Notice the high degree of homology indicated by boxed amino acids. The shaded amino acids indicate the position of a1'264, and the homologous
amino acids in the other subunits. The minus sign indicates the position of the amino acids contributing to the anionic rings. (C) shows an a-helix
representation of the M2 segment a-subunit showing the location of the a1'264 residue, near the cytoplasmic end of the M2 segment close to the
intermediate ring of negative charges. Numbers refer to those given in Witzemann et al. (1990).
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Aamino acids which may form a structure of anionic rings
on both sides of the membrane as indicated in Fig. 1 B.
In an a-helix representation of the putative transmem-
brane segment M2 of the a-subunit (Fig. 1 C), the
threonine 264 is located next to the intermediate anionic
ring (Fig. 1, B and C). In the "/- and ~-subunitsalso polar
amino acids are found at homologous positions (shaded).
The effect on ion conductance and permeability of two
point mutations at this position will be described. These
are a substitution of this threonine residue by either
valine (aT264V) or glycine (aT264G). Valine has similar
size as threonine (Richards, 1974) but it lacks the
hydroxyl group, whereas glycine is much smaller in size.
wr
aT264V
aT264G
40 ms
~ 10pAMutation of aT264 increases or
decreases channel conductance
depending on the volume of the side
chain
As shown previously, the channels harboring the aT264V
or aT264G mutations are functional (Villarroel et aI.,
1991). Fig.2A shows single-channel currents of wild
type (WT) and both aT264V and aT264G mutant
channels measured in symmetrical Cs+ solution in ab-
sence of divalent cations. The single-channel current of
the aT264V mutant channel has about a half of the
amplitude of the wild-type channel (Fig. 2 B), whereas
the aT264G mutant channel has a somewhat larger
single-channel current amplitude. None of the muta-
tions produced any obvious change in the average
duration of single channel currents.
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Conductance changes for aT264
mutations are larger for larger ions
Current carried by a large ion like Rb+is more affected
by the aT264V mutation than the current carried by
Na+. Fig. 3A shows a comparison between I-V curves
of wild type and the aT264V mutant channel when Rb+
is the permeant ion. A decrease in conductance of -
35% can be seen at all voltages, being more pronounced
at negative voltages. On the other hand, when current is
carried by Na+ there is only a small decrease in conduc-
tance of < 20% (Fig. 3 B). The replacement of aT264
by valine decreases channel conductance for both in-
ward and outward currents. No particular change in the
shape of the current voltage curve is found for Na+
whereas for Rb +, the mutation transform the almost
linear current voltage curve of the wild type channel into
an hyperbolic curve. Such curves are found when the
rate limiting step of ion permeation is strongly voltage
dependent.
WT
-20
FIGURE 2 Differences in single-channel conductance between wild-
type and mutant channels. (A) Single-channel currents of the wild
type, aT264V and aT264G mutant channels. The aT264V mutant
channel has a conductance of about half the value for the wild type
channel. For the aT264G mutant channel a conductance 15% larger
than the wild type is seen. The applied voltage was -100 mV. (B)
Current-voltage curves of wild type and aT264V mutant channel.
Notice the reduction of conductance in the whole range of voltages.
Currents measured in 100 mM Cs+, 10 mM Hepes and 10 mM EGTA,
pH 7.2.
Conductance ratios and reversal
potentials
Both aT264V and aT264G mutations modify the chan-
nel conductance of the AChR in larger proportions for
large ions (Fig. 4A, Table 1). Because different measure-
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FIGURE 3 Comparison of current voltage curves of the wild type and
aT264V mutant channel measured in 100 mM Rb+ (A) and in 100 mM
Na+ (B). A large change in conductance and in the shape of the
current voltage curve is found in Rb+ (A) but only a small change in
Na+ (B). Channel current measured in either 100 mM Rb+ (A) or 100
mM Na+ (B), and 10 mM Hepes, and 10 mM EGTA, pH 7.2.
ments of selectivity lead to different selectivity se-
quences (Eisenman and Horn, 1983), we also examined
the changes in selectivity defined by reversal potentials
measured in biionic conditions. Reversal potentials and
permeability ratios are presented in Table 2 and Fig. 4 B.
The wild-type channel has the permeability sequence
Rb > Cs > K > Na that corresponds to an Eisenman
sequence II (Eisenman, 1962). The mutation aT264V
decreases Pc.!PNa from 1.23 to 1.07 smaller changes are
found for PRb/PNa or PK/PNao These differential changes
FIGURE 4 (A) conductance ratios for wild type (0), aT264V (e) and
aT264G (e) mutant channel. Conductances normalized by Na+
conductance of each channel are plotted against dehydrated ion
radius. (B) permeability ratios measured by reversal potential in the
wild type (0) and both aT264V (e) and aT264G (e) mutant
channels plotted as a function of the dehydrated ion radius. The
aT264V mutant channel has lower permeability for large ions in
comparison to the wild type channel. The aT264G mutant channel has
a higher permeability for large ions. Notice that the mutation aT264V
also changes the selectivity sequence.
turn the selectivity sequence of the aT264V mutant
channel into an Eisenman sequence III. The aT264G
mutant channel, on the other hand, shows small al-
though noticeable increase in permeability ratios, not
large enough to change the selectivity sequence of the
channel.
Origin of conductance changes
To elucidate the mechanism that produces the changes
in conductance we studied the conductance concentra-
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TABLE 1 Conductances of wild type, aT264Vand aT264G
mutant channels
20
FIGURE 5 Saturation curves for wild type (0) and both aT264V (e)
and aT264G (e) mutant channels. Smooth curves were calculated
from the Eqs. 1 and 2 with the parameters shown in Table 3.
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Ion conductance conductance
(pS) (pS)
Na+ 43.20 ± 0.26 (3) 40.74 ± 0.60 (3)
K+ 68.78 ± 1.72 (10) 63.39 ± 2.37 (7)
Rb+ 69.10 ± 1.58 (6) 63.37 ± 1.28 (6)
Cs+ 62.52 ± 0.88 (4) 56.59 ± 0.90 (4)
NH4+ 85.91 ± 1.37 (3) 81.28 ± 1.52 (3)
Na+ 35.46 (2) 34.01 (2)
K+ 50.00 ± 0.90 (3) 46.70 ± 0.37 (3)
Rb+ 43.04 ± 0.46 (5) 42.10 ± 1.67 (5)
Cs+ 35.42 (2) 34.12 (2)
NH4+ 69.93 (2) 65.78 (2)
Na+ 43.28 ± 0.67 (3) 40.52 ± 0.39 (3)
K+ 75.61 ± 0.86 (6) 68.86 ± 1.98 (4)
Rb+ 78.05 ± 1.00 (3) 72.08 ± 0.72 (3)
Cs+ 71.17 ± 1.06 (3) 64.54 ± 0.73 (3)
NH+ 91.43 ± 2.17 (3) 88.02 ± 1.47 (3)4
Channel
aT264V
aT264G
Wild type
TABLE 2 Reversal potentials and permeability ratios of wild
type, aT264V and aT264G mutant channels
Conductances measured in 100 mM permeant cation (NaC!, KCl,
RbCl, CsCl, or NH4Cl), 10 mM Hepes and 100 mM EGTA, pH 7.2, at
18 ± 1 dc. Data reported as mean ± SD (n is the number of
observations).
tion relationship for Cs+. This ion was chosen because
the large differences in conductance found between wild
type and mutant channels. The relation between conduc-
tance and Cs+ activity for the wild-type, aT264V and
aT264G mutant channels is shown in Fig. 5. The sym-
bols represent conductance values measured at -100
mY. In comparison to the wild-type, the aT264V muta-
tion produces a decrease in conductance in the whole
Channel
Wild type
aT264V
aT264G
Ion V",±SD n P,/PN,
(mV)
K+ 4.54 ± 0.72 5 1.20
Rb+ 5.35 ± 0.40 4 1.24
Cs+ 5.16 ± 0.52 6 1.23
NH4+ 18.56 ± 0.53 4 2.10
K+ 3.00 ± 0.26 5 1.13
Rb+ 3.21 ± 0.33 3 1.14
Cs+ 1.78 ± 0.15 4 1.07
NH4+ 22.98 ± 3.40 3 2.51
K+ 4.89 ± 0.13 4 1.22
Rb+ 5.47 ± 0.15 3 1.24
Cs+ 5.42 ± 0.27 5 1.24
range of concentrations and it decreases the maximum
conductance by about one half. In addition this mutant
channel saturates at rather lower concentrations. The
aT264G mutant channel on the other hand has a larger
conductance, also in the whole range of concentrations.
The steeper decrease of conductance at low ion concen-
trations suggest that saturation occurs at higher concen-
trations. The smooth lines in Fig. 5 are the result of the
best fit to Eqs. 1 and 2. The curve for the wild-type
channel was fitted using three free parameters, the
maximum conductance, Gs' the apparent dissociation
constant, Ks, and the surface charge density, expressed
as R (<T = e/TrR 2). The curves for the mutant channels
were fitted using the surface charge density of 0.0623
charge per 100 A2 (R = 22.60 ± 0.98 A), the value found
for the fit of the wild-type channel curve. The parame-
ters that give the best fit are presented in Table 3. Within
the frame work of the simple model outlined above the
mutation aT264V decreases Gs and Ks' whereas in the
aT264G mutant channel both values are increased.
TABLE 3 Estimations of K. and G. from saturation curves
Channel K, G, G,IK, Pc,IPN,
(mM) (pS)
Wild-type 28.3 ± 3.7 73.7 ± 0.9 2.60 ± 0.34 1.23
aT264V 14.4 ± 0.9 38.7 ± 0.3 2.69 ± 0.17 1.07
aT264G 34.1 ± 1.2 86.2 ± 0.6 2.53 ± 0.09 1.24
Reversal potentials measured in biionic conditions in 100 mM per-
meant cation (NaC!, KCl, RbC!, CsCl, or NH4C!), 10 mM Hepes and
100 mM EGTA, pH 7.2, at 18 ± 1°C. The Na+ solution was used as a
reference in the intracellular side.
Parameters that produce the best fit of the saturation curves from Fig.
5 to Eqs. 1 and 2. The error is the standard deviation given by the
program AJUSTE.
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Absolute permeability and
permeability ratios
Table 3 lists the ratio GJKs' which is an estimate of the
absolute permeability at zero ion concentration (Eisen-
man and Horn, 1983; Hille, 1984), for wild-type and the
two mutant channels. No significant difference in the
absolute permeability, estimated by this ratio, is seen.
Probably this is due to the fact that Ks values are not
accurately estimated as is Gs in the saturation curve
which includes surface charge effects (Eqs. 1 and 2).
However, possible differences in absolute Cs+ permeabil-
ity between the three channels can be derived in a model
independent way considering the Ks values and conduc-
tance at low ion concentration. The estimates of the Ks
values are > 10 mM bulk concentration, the lowest value
of concentration for which conductance could be mea-
sured. In these low range of bulk ion concentration the
conductances are likely to be proportional to the local
ion concentration at the channel mouth, which is as-
sumed to be the same for the different channels due to
the fact that charged groups are the same in all three
channels. The saturation curves (Fig. 5) show that at 10
mM Cs+ bulk concentration, the conductance of the
aT264G mutant channel is larger and the conductance
of the aT274V mutant channel is smaller than that of the
wild-type channel. This indicates an increase (aT264G)
and decrease (aT264V) in absolute Cs+ permeability,
respectively, in the two mutant channels as compared to
the wild-type channel. Thus, changes in Cs+ current at
low concentrations follow the changes in permeability
ratioPo./PNa (Table 3).
channel. Conductances measured at -100 mY, in pres-
ence of 1 mM external Mg2+ for wild type and both
mutant channels are presented in Fig. 6. In comparison
to the wild-type channel the addition of 1 mM Mg2+ to
the external face of the channel produces a larger
decrease in the inward current through the aT264G
mutant channel (28.2% compared to 21.4%). The
aT264V mutant channel on the other hand is almost
insensitive to Mg2+, as only a 10% decrease in conduc-
tance was found. Thus, the different Mi+ sensitivity of
the conductance of the three channels is in agreement
with the assumed changes in apparent dissociation
constants for the mutant channel obtained from the fit of
the saturation curves to the model.
DISCUSSION
The main goal of the work presented is to relate changes
in primary structure, obtained by point mutations in the
a-subunit, with changes in conduction properties of the
AChR channel. We assume that the point mutations
performed do not produce a global structural change of
the channel protein. Several lines of evidence support
this view. The replacement of aT264 by either valine or
glycine produces a decrease and increase of channel
current respectively and these conductance differences
depend on the nature of the permeant ion being pro-
nounced for Cs+ and only slightly noticeable for Na+.
This is difficult to explain based on a nonspecific change
in protein structure. Furthermore, the change in chan-
FIGURE 6 Differential sensitivity to Mg>+ of wild-type, aT264V and
aT264G mutant channels. Conductance measured in 100 mM Cs+, and
100 mM Hepes, pH 7.2 in absence of Mg>+ (shaded bars) and in
presence of 1 mM external Mg>+, (white bars). The applied potential
was -100mV.
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One result obtained by the fit of the conductance
saturation curves to the Michaelis-Menten model of ion
transport in combination with surface charge is that in
the aT264V mutant channel the amplitude of the
elementary current saturates at lower concentrations
than in the wild type channel. The opposite would be
true for the aT264G mutant channel. Divalent ions like
Mg2+screen the effect of point charges, decreasing the
local ion concentration and produce a reduction in
channel conductance. Because the aT264V mutant chan-
nel saturates at rather lower bulk Cs+ concentrations
than the wild type channel the addition of Mi+, that
reduces the local concentration at the channels' entry,
should produce a smaller decrease in channel conduc-
tance. The aT264G mutant channel on the other hand
saturates at higher Cs+ concentrations. The addition of
the same amount of Mg2+ should result in a larger
decrease in channel conductance than in the wild-type
Differences in Mg2+ sensitivity in
mutant channels
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aT264G
FIGURE 7 Relation between permeability and the nature of the
amino acid residue located at position 264 in the a-subunit. The
threonine residues of the two a-subunits contribute to the selectivity
filter of the AChR channel. The ions are selected according to their
sizes.
channel. In this mutant channel, the permeability ratio
PJPNa is decreased for large ions. This produces a
change in the permeability sequence to Rb > K > Cs >
Na, similar to the conductance sequence. The mutation
aT264G also produces a small increase in PJPNa for all
ions, that is not large enough to invert the selectivity to
sequence I in the Eisenman series, the aqueous mobility
sequence. The effect of the aT264G mutation which
decreases the size of the amino acid residue controlling
the ion flow, is therefore to produce a less selective
channel. This does not mean that the channel does not
distinguish between ions but the selectivity resembles
the aqueous mobility sequence. The aT264V mutation,
which decreases the polarity of the amino acid control-
ling the ion flow, on the other hand makes the channel
more selective.
A consequence of our interpretation of the conduc-
tance Cs-concentration curves is that the apparent
dissociation constant of Cs+ to the channel is decreased
in the aT264V and increased in the aT264G mutant
channel. It is important to test this hypothesis indepen-
dently because the half saturating Cs-concentration
WT
aT264V
nel current is inversely related to the volume of the
amino acid residue that replaces aT264 (Villarroel et aI.,
1991). Other evidence that suggests that changes in the
global structure of the channel are unlikely, comes from
a comparison of structures observed in a protein family
in which natural mutations do occur. Glycine and
threonine are two amino acids residues located in the
same topology of equivalent substitutions (Bordo and
Argos, 1991). This suggests that the aT264G mutation is
not likely to perturb the global structure of the protein.
As for the aT264V mutation, valine is located in a close,
but not equal topology of equivalent substitutions, and
thus, is the best choice for a replacement of a threonine
by an hydrophobic residue.
The selectivity of the AChR channel for cations has
been examined by two criteria, conductance sequences
and permeability ratios. Because the permeation proc-
ess is rather more complicated than simple binding of
ions to a single site, these two measurements often
produce different answers (Eisenman and Horn, 1983)
and is important to examine both.
In the AChR channel studied here, the best con-
ducted ion is Rb+ and not K+ as in Torpedo AChR. The
conductance sequence Rb > K > Cs > Na differs
slightly from that of other AChR channels previously
studied in frog muscle (Quartararo et aI., 1987) or in
Torpedo electric organ (Konno et aI., 1991). The aT264V
mutation produces a decrease in the conductance for
large cations changing the conductance sequence to
K > Rb > Cs > Na. The conductance for Na+ is
decreased by less than 20% in comparison to 60%
decrease for Cs+ ions. The aT264G mutation increases
the conductance for large ions but not for Na+ (Table 1)
and does not change the conductance sequence. In
summary, mutations in the position aT264 produce
either a decrease or increase in conductance that is more
pronounced for large ions, as if the size of the cavity left
for ion movement were the determinant of current
(Fig. 7).
The selectivity sequence from biionic reversal poten-
tials was found to be Rb > Cs > K > Na for the
wild-type channel. This sequence differs from both the
conductance sequence and the aqueous mobility se-
quence thought to determine the permeation process.
Because this sequence corresponds to sequence II of low
field strength in the Eisenman series (Eisenman, 1962),
one may conclude that the low field strength at the site
of ion-channel interaction is not due to the ring of
charged residues at the channels' entries but rather to
the hydroxyl groups of the threonines in the a-subunits
and presumably the hydroxyl groups of the homologous
amino acid side chains from the other subunits (Fig. 1A).
The aT264V mutation, in addition to decreasing the
channel conductance, also alters the permeability of the
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could not be determined experimentally. The different
sensitivity of wild-type and mutant channels to Mt+,
which neutralizes the charge effect of the anionic rings
(Imoto et aI., 1988) is not expected a priori because the
present point mutations do not involve changes in
charged residues. They could be interpreted as a conse-
quence of the increase and decrease in the dissociation
constant of the aT264G and aT264V mutant channels,
respectively. Another indication of changes in ion bind-
ing comes from electrostatic calculations in a model of
the M2 segment 3-subunit. A replacement of a ring of
threonine by glycine residues results in the removal of an
energy minimum from the energy profile (Eisenman et
aI., 1990). A feature worth being tested in such calcula-
tions is the role of an hydrophobic amino acid residue,
placed in the narrow region of the pore, in the electro-
static energy profile.
In summary then, the fetal form of the AChR channel
ions are selected by size. The role of the amino acid
residues in the narrow part of the channel is to deter-
mine the size of the cavity left for ion movement. A
mutation that decreases the size of that amino acid
residue creates more space for ion flow and the conduc-
tance increases (Fig. 7). The release of the constraint for
large ions shifts the selectivity towards the water mobil-
ity sequence. In the aT264V mutant channel, on the
other hand, the ion flow and permeability for large ions
decrease and the selectivity then moves away from the
water mobility sequence in which Cs+ is the most
permeant ion. In this interpretation, a polar wide pore
(water filled or containing hydroxyl side chain in its wall)
will be Cs+ selective whereas a polar marrow pore will be
Na+ selective. In addition to the size, the polarity of the
amino acid residue in the selectivity filter may also be
important because it influences ion binding. The role of
polarity has not yet been studied systematically, as was
done with the role of the size of the amino acid residues
in the narrow region (Villarroel et aI., 1991).
CONCLUSIONS
We have examined the conduction properties of the two
aT264V and aT264G mutant channels. The former
produces a decrease in both conductance and selectivity
for large cations whereas the latter produces an increase
in conductance and selectivity. Because the structure of
the amino acid residues is known, the observation of an
increase in conductance can be interpreted as the
decrease in the apparent ion binding together with an
increase in the free space for ion movement. As for the
decrease in current found in the aT264V mutation result
from the friction of large ions with the hydrophobic wall
made by valine.
REFERENCES
Adams, D. J., T. M. Dwyer, and B. Hille. 1980. The permeability of
endplate channels to monovalent and divalent metal cations. I. Gen.
Physiol.75:493-510.
Alvarez, 0., A. Villarroel, and G. Eisenman. 1991. A general proce-
dure to calculate ion currents from energy profiles and energy
profiles from ion currents in a multi-barrier multi-site multi-
occupancy channel model. In Ion Channels. Bernardo Rudy and
Linda E. Iverson, editors. A Volume of Methods in Enzymology.
John N. Abelson and Melvin I. Simon, editors. Academic Press,
Orlando.
Bordo, D., and P. Argos. 1991. Suggestions for "safe" residue
substitutions in site directed mutagenesis. I. Mol. Bioi. 217:721-729.
Charnet, P., C. Labarca, R. J. Leonard, N. J. Vogelaar, L. Czyzyk, A.
Gouin, N. Davidson, and H. A. Lester. 1990. An open-channel
blocker interacts with adjacent turns of a-helices in the nicotinic
acetylcholine receptor. Neuron. 2:87-95.
Dani, J. 1989. Open-channel structure and ion binding sites of the
nicotinic acetylcholine receptor channel. I. Neurosci. 9:884-892.
Dani, J. 1990. Site-directed mutagenesis and single-channel currents
define the ionic channel of the nicotinic acetylcholine receptor
Trends Neurosci. 12:125-128.
Dwyer, T., D. Adams, and B. Hille. 1980. The permeability of the
endplate channel to organic cations in frog muscle. I. Gen. Physiol.
75:469-492.
Eisenman, G. 1962. Cation selective glass electrodes and their mode of
operation. Biophys. I. 2:259-323.
Eisenman, G., and R. Horn. 1983. Ion selectivity revisited: The role of
kinetic and equilibrium processes in ion permeation trough chan-
nels.I. Membr. Bioi. 76:197-225.
Eisenman, G., A. Villarroel, M. Montal, and O. Alvarez. 1990. Energy
profile for ion permeation in pentameric protein channels: from
viruses to receptor channels. In Progress in Cell Research. J. M.
Ritchie, P. J. Magestretti, and L. Bolis, editors. Vol. 1, Elsevier,
Amsterdam. 195-211.
Hamill, O. P., A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth.
1981. Improved patch-clamp techniques for high-resolution current
recordings from cell and cell free patches. Pfluegers Arch. Eur. I.
Physiol. 391:85-100.
Herlitze, S., and M. Koenen. 1990. A general and rapid mutagenesis
method using polymerase chain reaction. Gene. 91:143-147.
Hille, B. 1984. lonic Channels of Exitable Membranes. Sinauer
Associates, Inc., Sunderland, Massachusetts.
Imoto, K, C. Methfessel, B. Sakmann, M. Mishina, Y. Mori, T. Konno,
K. Fukuda, M. Kurasaki, H. Bujo, Y. Fujita, and S. Numa. 1986.
Location of a 8-subunit region determining ion transport through
the acetylcholine receptor channel. Nature (Lond.). 324:670-674.
Imoto, K, C. Busch, B. Sakmann, M. Mishina, T. Konno, J. Nakai, H.
Bujo, Y. Mori, K Fukuda, and S. Numan. 1988. Rings of negatively
charged amino acids determine the acetylcholine receptor channel
conductance. Nature (Lond.). 335:645--648.
Karlin, A. 1991. Explorations of the nicotinic acetylcholine receptor.
In The Harvey Lectures. John Wiley and Sons, Inc., New York.
71-107.
204 Biophysical Journal Volume 62 Discussions 1992
Konno, T., C. Busch, E. von Kitzing, K. Imoto, F. Wang, J. Nakai., M.
Mishina, S. Numa, and B. Sakmann. 1991. Rings of anionic amino
acids as structural determinants of ion selectivity in the acetylcho-
line receptor channel. Proc. R. Soc. Lond. B Bioi. Sci. 244:69-79.
Leonard, R. J., C. G. Labarca, P. Charnet, N. Davidson, and H. A.
Lester. 1988. Evidence that the M2 membrane-spanning region lines
the ion channel pore of the nicotinic receptor. Science (Wash. DC).
242:1578-1581.
McLaughlin, S. G. A., G. Szabo, and G. Eisenman. 1971. Divalent ions
and the surface potential of charged phospholipid membranes. 1.
Gen. Physiol. 58:667-687.
Methfessel, c., V. Witzemann, T. Takahashi, M. Mishina, S. Numa,
and B. Sakmann. 1986. Patch clamp measurements on Xenopus
laevis oocytes: currents through endogenous channels and im-
planted acetylcholine receptor and sodium channels. Pflugers Arch.
Eur.1. Physiol. 407:577-588.
Mishina, M., T. Tobimatsu, K. Imoto, K. Tanaka, Y. Fujita, K. Fukuda,
M. Kurasaki, H. Takahashi, Y. Morimoto, T. Hirose, S. Inayama, T.
Takahashi, M. Kuno, and S. Numa. 1985. Location of functional
regions of acetylcholine receptor a-subunit by site-directed mutagen-
esis. Nature (Lond.). 313:364-369.
Noda, M., H. Takahashi, T. Tanabe, Toyosato, S. Kikyotani, Y.
Furutani, Hirose, H. Takashima, S. Inayama, T. Miyata, and S.
Numa. 1983. Structural homology of torpedo californica acetylcho-
line receptor subunits. Nature (Lond.). 302:528-532.
Quartararo, N., P. H. Barry, and P. W. Gage. 1987. Ion permeation
through single channels activated by acetylcholine in denervated
toad skeletal muscle fibers: Effect of alkali cations. J. Membr. Bioi.
97:137-159.
Richards, F. M. 1974. The interpretation of protein structures: total
volume, group volume distributions and packing density. J. Mol. BioI.
82:1-14.
Villarroel, A., S. Herlitze, M. Koenen, and B. Sakmann. 1991.
Location of a threonine residue in the a-subunit M2 transmembrane
segment that determines the ion flow through the acetylcholine
receptor channel. Proc. R. Soc. Lond. B Bioi. Sci. 243:69-74.
Witzemann, V., E. Stein, B. Barg, T. Konno, M. Criado, M. Koenen,
W. Kues, M. Hofmann, and B. Sakmann. 1990. Primary structure
and functional expression of the a-, ~-, -h 1)- and f.-subunits of the
acetylcholine receptor from rat muscle. Eur. J. Biochem. 194:437-
448.
Yool, A. J., and T. Schwarz. 1991. Alteration of ionic selectivity of a K
channel by mutation of the H5 region. Nature (Lond.). 349:700-704.
DISCUSSION
the conduction of cations? According to Numa, there are four
membrane spanning helixes with threonines and serines in Ml and
M2. We know also that for cations to pass the channel they have to
have oxygen to solvate them and some polar groups to substitute for
water. Since chimeras made by Numa and Sackmann showed slight
changes in conductance, and only when no calcium was present, I
wonder which is the role of Thr and Ser under physiological condi-
tions. Experiments from Changeaux's lab using the alleged open
channel blocker chlorpromazine suggested that Ser and Thr are in the
conduction pathway of this channel. But now we find that if you change
conserved residues in a negatively charged region, e.g., if you mutate
the Ser and Thr into Ala and Gly, the channel works better. Thus, why
have these residues been conserved? Are we looking at the real
function of these polar residues or is this an epiphenomenon?
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BECHINGER: Is there any evidence for specific interactions that you
can identify (e.g., hydrogen-bonds, hydrophobic interactions) with the
threonine residue?
ALFREDO VILLARROEL: I have measured the single-channel
conductance in a variety of channels mutated at the aT264 residue.
These conductances, when plotted against the volume of the mutated
residue side chains, show an inverse relation in which large volume
residues lead to lower conductances. However, I believe that there
may be other important factors in addition to side-chain volume. The
conductances of mutants with serine or threonine in aT264 residues
are higher than one may expect from their side-chain volume.
I did replace "equivalent" positions in the M2 segment of other
subunits, which include aT264, -yT275, ~G278, and I)S279. Consistent
with the aT264 mutations, I observed lower conductances when I
replaced these residues with larger side-chain residues and higher
conductances when I replaced them with smaller side chains. I'd
therefore be inclined to suggest that this effect is not exclusively at the
a subunit.
ARTHUR KARLIN: Why look at the M2 helix as lining the channel
pore? What should we think the function of Thr and Ser might be in
VILLARROEL: Of course one cannot be sure, but I do think there is
contact between the permeant ions and these groups in the polypep-
tide. As the plots of conductance versus side-chain volume illustrates,
there are other factors, such as the presence of an -OH group in the
side chain that we must consider.
BURKHARD BECHINGER: Did you observe correlations between
the volume of amino acid side chains and channel conductivity for the
~, -y, or I) subunits?
Session Chainnan: Adrian Parsegian Scribes: Marriella DeBiasi and
Farzaneh Sorond
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VILLARROEL: I am not going to use blockers or labeling com-
pounds. I think that because we are looking at the permeation
phenomenon, we need to use permeant ions. The negative residues are
also very important, especially if we consider their role in conduction
and selectivity. The only thing that has not been shown is that you can
increase the conductance through mutations on such residues. We
should, however, be able to do this controlling some parameters such
as, for example, the size or the polarity.
MARCO COLOMBINI: The alternating sequence present in the M2
region reminds me of a sided f3-strand around Thr 264. There is a good
alternating polar/nonpolar pattern, especially in the a helix. Have you
thought about a f3 barrel model for the region forming the pore? Five f3
strands would form a pore that would be about the right size.
VILLARROEL: Yes, but here we are not proving the presence of a
helices but just using this idea for our mutations. According to an a
helix hypothesis the serine a S266 would be in the back part of the
channel, and this is consistent with our results of mutations. Maybe in
the future other experiments will invalidate this model.
COLOMBINI: If an a helix forms part of the pore, then its top part has
to be totally nonpolar. Doesn't this bother you?
VILLARROEL: We know that hydrophobic blockers, such as QX222,
can still bind to the channel. But if you look at the model of the
channel, five Phe residues are facing the channel lumen and it is
difficult for me to understand how this could be possible.
RONALD KABACK: I have a question about volume changes. Is it
just the volume of the residue in 264 that is important? What happens
with nonelectrolyte permeability?
VILLARROEL: It is not just the volume as you have seen before from
the plots comparing hydrophobic residues with nonpolar ones in which
changes in conductance are found. With respect to the nonelectro-
Iytes, I have not looked at them so far.
RAJINI RAO: For a "systematic study" of the role of the size of the
residues in the pore region, I would make more than two substitutions.
Have you considered replacing Thr with other amino acids such as Ala
and Ser or much larger residues such as tyrosine?
VILLARROEL: Yes, I have looked also at Ala and Ser. Not yet at
Tyrosine.
RICHARD HORN: The I-V curve for the wild-type channel is linear,
suggesting there is not a predominant rate limiting barrier for an ion to
flow. It seems you have a series of small barriers through the
membrane field. Since the selectivity is about the same at +100 or
-100 mY, this suggests that either there is one rate limiting barrier
that controls selectivity or all the barriers have the same selectivity. Do
you think there is one rate limiting barrier and if there is, why are you
getting a linear I-V?
VILLARROEL: I think there is one limiting barrier. Why I get a
linear I-V, I don't know.
HORN: For aT264V, especially with large ions, you see a reduction in
conduction; the I-V becomes superlinear. Do you think that the
mutation is producing a large barrier in the middle of the electric field?
Does the opposite happen for T264G? Another question is also
related to the energy profile. You showed some kind of saturation.
Where is the binding site? Is it different from the barrier?
VILLARROEL: The I-V curve for Gly is linear but I did not study this
systematically. I think the binding site is near the cytoplasmic side.
HORN: Why?
VILLARROEL: A cluster of charged residues is near the cytoplasmic
side causing me to think that this could be the binding site. In a barrier
model you can locate this site near the cytoplasmic end of the channel
too. If you then calculate the energy for an ion to pass through the
channel you'll find an energy minimum right near the negatively
charged residues.
HORN: Does this model produce a linear I-V relation?
VILLARROEL: The barrier model, no. The electrostatic model, I
don't know.
KARLIN: If the negative charges are functioning as a binding site,
then why under physiological conditions, that is, in the presence of Ca,
do mutations have no effect on the permeability of ions? It is hard to
see what would be the appropriate function of these residues under
physiological conditions.
Furthermore, the intermediate ring was the narrowest part of the
channel, equally accessible from both sides of the membrane because
Mg could affect what happened in that site. But now the barrier has
been moved around alpha T264. Would this change the interpretation
of the previous results?
VILLARROEL: Yes, the rat barrier has been moved with respect to
the Torpedo barrier. With respect to Mg, I wanted to test it under
simple conditions, with one permeant ion, without Ca.
KARLIN: What bothers me is the question of what maintains the
structure? Where is the evolutionary value of this conservation given
your observation that mutations do not seem to have a physiological
effect.
OLAF ANDERSEN: First, systematic studies on the effect of amino
acids geometry and polarity on channel function have been done for
many years in the gramicidin channel.
Second, I agree with Dick, but from a different point of view. The
term "selectivity" filter implies that there is a spatially-limited region
of the pore where the selection occurs. This is really hard to reconcile
with the linear I-V curves you find. I really doubt you have a selectivity
filter in the Hillean sense.
T264V alters the binding constant, suggesting that the Val is
involved in the binding site. This suggests that you may be dealing with
a well instead of a barrier and that you are not touching the selectivity
filter (barrier).
Third, it would be nice if you would calculate the intrinsic binding
constants relative to the hypothetical state where no surface potential
is present. That would provide information about the intrinsic ion-
channel interaction.
You speak of changes in volume, but there are not great changes in
volume between Thr and Val. Furthermore, if you look at the
geometry, you will have to consider the hydrogen bonding interactions.
For Thr you will need a more sophisticated volume measurement (cf
Hille, 1972). Furthermore, when you compare Val and Thr in the
alpha subunit and in the delta subunit, you compare different
situations because in one case you have one Val and in the other, two.
In any case, if you are changing the selectivity filter, what happens to
divalent cations? Do you alter their permeability? This seems to be the
most sensitive test of whether the OH group are involved in the
selection of ions or not.
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VILLARROEL: We did not look at permeability of divalent cations.
ADRIAN PARSEGIAN: Size, charge, polarity, and hydrophobicity
are all elements that people are thinking about as determining
selectivity, but we are not able to distinguish yet. Is the thought that
putting in a divalent cation will allow you to distinguish between size
and charge?
VILLARROEL: We always think about models, but what we find is a
complicated protein. We find new phenomena that go beyond what we
might predict using models.
MICHAEL GREEN: Have you looked at the pH effect?
VILLARROEL: No, we did not want to change the charge. We
studied only neutral residues.
ROBERT GUY: You mentioned that the Phe were a problem.
Aromatics are hydrophobic but this does not mean they are apolar.
The role of aromatics and 'IT-electrons may not be completely appreci-
ated.
With respect to your idea of a narrowest part of the channel, do you
have experimental evidence that the residues further up on the M2
region are not equally controlling ion selectivity and permeability
properties of the channel.
VILLARROEL: I have tested aS266 and aS268 further up in the a
subunit. I have not seen changes in conductance when I substitute
these residues by Ala.
GUY: Others have postulated that the pore has a cone shape which is
consistent with your interpretation.
VILLARROEL: I did not say I believe that, only that I use that
concept.
GUY: If it does, Ml may constitute part of the wall pore. Are there any
studies to test this hypothesis?
VILLARROEL: Yes. Experiments in which the Ml segment between
gamma and epsilon subunits were changed showed no change in
channel conductance.
GORDON RULE: The types of mutations that you're making change
the H-Bonding potential and volume of side chains. These can affect
helix packing. Can spectroscopic measurements detect changes in
helix packing?
VILLARROEL: We think the packing hasn't changed.
RULE: Is there any evidence that you can change the orientation of
the helix.
VILLARROEL: No.
DAVID BUSATH: Olaf Andersen makes a good point that the
reduction of Cs conductance is due to a barrier. A barrier increase
would make more sense than a change in affinity to explain the change
in selectivity. On the other hand, you pointed out that Tris can get
through. Then there is clearly a large volume of H20 between one turn
of the a helix and the next. I calculated between 6-8 H20 molecules.
It's hard to imagine how such a large change in volume can produce a
narrow constriction. We have the same dilemma with the K channel of
Arthur Brown's group. Changing Val to Leu changes the selectivity.
Any thoughts how your results relate to theirs, and to how such a big
volume could provide a barrier change?
VILLARROEL: This also bothered me. How can an ion the size of
Tris be permeant? Is it that the channel is soft and can expand and
pass Tris? Perhaps the channel is not such a rigid structure. However,
it is hard to reconcile how the channel could be flexible for large ions
only.
BUSATH: From my molecular modeling studies, if you take five a
helices and pack them, it is hard to get a constriction much narrower
than - 7 x 9 A without having large side chains projecting into the
pore. If you've just Thr and Ser, you'll have a fairly large hole. Based
on models, if you have lO-stranded 13 barrel structures, you will have a
big area, and it will be difficult to produce a narrow constriction
without severe contortions of the backbone. Are we at the stage that
we have to suppose that there must be a constriction and severe
contortions in the backbone structure?
VILLARROEL: I think so.
BUSATH: I don't. There are other interpretations for the selectivity
data.
PARSEGIAN: Do we know enough about what selectivity means?
Based on gramicidin results, it is hard to understand how selectivity
comes about.
ALAN FINKELSTEIN: With regard to selectivity, in this model, is it
true that the part of the channel that crosses the membrane is not
charged?
VILLARROEL: No. I said that the M2 segment is within the
membrane and the charges on the intermediate ring are in the middle
of the M2 segment. I don't know about the rest of the channel. Of
course there can be changes inside the pore.
FINKELSTEIN: I'm talking about the lining of the pore. According to
the model, there are no charges lining the pore. Is that a fair
statement?
VILLARROEL: Yes.
FINKELSTEIN: Are people happy with small divalent cations (e.g.,
Mg and Ca). Is it energetically favorable to cross the pore without any
charges lining it? The examples that I know are the gramicidin channel
and the nystatin channel which are impermeant to divalent cations.
VILLARROEL: Are you comparing AChR with gramicidin channels?
FRANCISCO BEZANILLA: The AChR channel is a BIG hole.
VILLARROEL: Yes. It can pass Tris.
FINKELSTEIN: Let's assume an 8-A diameter. Don't you think that
there is an energetic problem?
PARSEGIAN: Not prohibitive. The pore is wide enough and the
"filter" short enough to allow charges to pass.
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RAO: If there were negative charges inside the pore, the cation would
bind tightly. Therefore, the charges lining the pore might act like a
barrier to ion flux.
PARSEGIAN: Yes. There is always the question why a selective
binding site might not actually inhibit the flux.
GREEN: If there are any charges at the end of the channel that allow
Mg to get through, once it gets to that end of it, there will be an entropy
effect that will help it to leave; there are many more configurations for
the ion in the solution outside.
KASIANOWICZ: You presented mutations that result in sensible
changes to the conductance. Did any mutation give surprising or
paradoxical results? That is, do any point mutations work the "wrong
way" within the framework of your working hypothesis (that a T264
residue side-chain volume sterically regulates conductance)?
VILLARROEL: I have some mutations that show no effect on channel
conductance, but so far I have not found paradoxical results.
B. VEERAPANDIAN: I'd like to share some ideas on Phe mutations
and the shape and function of the side chain. We have a ~ barrel
structure with three Phe inside the barrel and one at the open face of
it. If you mutate Phe within the barrel to other residues with large
hydrocarbon side-chains, the activity does not change very much, but if
you mutate the Phe at the tip of the protein, then the IL-l activity is
very much altered. The role of the "TI"-electron may be critical for
binding activity. About the shape of the side-chain, if you mutate the
arginine on the tip of the barrel to Gly or Ala the protein is not active.
Above Ala, whatever you mutate, all are active. The location of the
residue and the size of the side-chain seem to playa critical role in the
activity of the protein.
ANDERSEN: If you look upon the selectivity sequence of the
wild-type, it looks as if it is the hydrated ion that diffuses. Now when
you mutate the Thr, and change the side-chain bulk, you come to a
point where you do not change the van der Waals volume very much,
but you see a dramatic decrease in the sequence of the permeabilities
(Val versus Thr). This suggests that instead of focusing on the volume
you should look at the hydroxyl groups.
VILLARROEL: I think that we have to say that there is something
more in addition to the volume, because among Val, Gly, and Ala the
only difference is the size of the side-chain and not the presence of a
hydroxyl group. So volume is important but it is not the only factor.
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